The present study aimed at the screening of parameters for electrocoagulation treatment of treated palm oil mill effluent using minimum-runs resolution IV design. The responses examined include: chemical oxygen demand removal (%), total suspended solids removal (%) and turbidity reduction (%), and the varied dependent factors comprise: electrical current density (mA/cm 2 ), time (min), pH, electrolyte concentration (g/L), stirring speed (rpm), electrode spacing (mm) and electrode configuration (monopolar or dipolar). The statistical results revealed that the current density has a significant influence on the treatment performance at two-level interactions with pH, electrode spacing and electrode concentration and at three-level correlations with time and pH. Thus, the most important factors affecting the removal efficiency of the organic compounds were found to be pH, time, electrode spacing, electrolyte concentration and electrode configuration at a P value less than 0.05, respectively, in the descending order of significance. Therefore, the optimized electrocoagulation process could be reached with current density equal to 5 mA/cm 2 , electrolysis time of 5 min, electrode spacing of 5 mm and using monopolar electrode configuration. This combination provided the maximum ability of the process for chemical oxygen demand (68.84%), total suspended solids (93.27%) and turbidity reduction (92.88%) predictions, with the corresponding experimental values of 69.27, 97.59 and 96.91%, respectively.
Introduction
Malaysia is among the leading countries that invest substantially in the oil palm cultivation: About three million hectares of the country's land was covered by the palm plantations (Yuniarto et al. 2013) . However, in 2014 Malaysia became the second largest producer and exporter of crude palm oil (CPO) after Indonesia, with total production of 20.16 million tons (i.e., 34% of total world production), and 86% of the total annual production was exported (representing 40% of total global exports) (FAS and USDA 2016) . Presently, the industry is growing at the rate of 5.3% annually and remains among the major contributor to the country's gross domestic product (GDP). However, palm oil mill effluent (POME) constitutes the largest amount of wastes generated during palm oil processing, and hence, its improper disposals amount to a major source of freshwater pollution in the country. Similarly, processing of fresh palm oil fruit bunches requires significant amount of water and more than 90% of this water ends up as POME, since each ton of CPO production results in the generation of 2-4 m 3 of POME with high organic contents measured as biochemical oxygen demand (BOD), 25,000 mg/L; chemical oxygen demand (COD), 50,000 mg/L; total suspended solids (TSS), 18,000 mg/L; and oil and grease (O & G), 6,000 mg/L (Ahmad et al. 2005) . The effluents generated from the most commonly used treatment method have high organic loadings that are far beyond the new proposed environmental quality requirement of 50 mg BOD/L discharge limit into water sources in Malaysia (Lam and Lee 2011) .
Moreover, the annual increase in POME generation has a direct influence on river pollution throughout the country, since most of the palm oil mills are still unable to adhere to the POME discharge limits (Lam and Lee 2011) . Therefore, it is necessary for palm oil mill industries and government to explore more treatment strategies that have low energy consumption as well as high organic removal efficiencies. Recently, advanced treatment technologies such as membrane filtration, adsorption and ion exchange are used for reclamation of treated palm oil mill effluent (TPOME) for reuse as boiler feedwater, cooling water, process water and other applications in the palm oil plants (Jami et al. 2013 ). This will certainly improve water management due to its direct contribution to water stress alleviation through water pollution control and freshwater demand reduction by maximum use of available water resources.
The low-pressure membranes (microfiltration and ultrafiltration) are suitable options for the tertiary treatment of industrial effluent for removing turbidity, organic and inorganic compounds, total suspended solids and microorganisms (such as protozoa, cyanobacteria, microalgae and oocysts), because of their low footprints and high-quality effluent (Viegas et al. 2015) . The membrane performance and its effectiveness in removing dissolved organic constituents are significantly influenced by physicochemical pretreatment including coagulation, flocculation and adsorption. Recently, electrocoagulation (EC) technology has dominated the domestic and industrial effluent treatments, especially as a pretreatment option before membrane filtration; this process aids in achieving robust treatment, under cost-effective and environmental conditions (Tir and Moulai-Mostefa 2008) . Moreover, the selection of the EC process as an alternative to conventional coagulation could be linked to the numerous advantages including zero chemical addition, low sludge generation, small equipment, smooth operation, low investment and operating costs (Tak et al. 2015) . EC is an emerging technology that utilizes electrical current to generate in situ coagulants (i.e., metallic hydroxides) through the dissolution of anode electrode (Fig. 1) .
The integration of factorial design and analysis of variance becomes the most useful technique to use in a systematic investigation of the performance of several systems (Azizi et al. 2014) . The utilization of two-level factorial designs helps in selecting the best model for process screening; however, its theory has a remarkable problem with the selection of an appropriate design for a particular task. For example, the most commonly used Plackett-Burman (PB) design for screening using the standard k + 1 runs (where k is the number of factors) causes the main effects of the model to be partly in aliased with several two-factor interactions and thus resulting in resolution III design (Anderson and Whitcomb 2004). Moreover, only resolution IV design (or higher) is capable of screening process variables with twofactor interactions to accurately reveal the significant factors affecting the process. However, this routine two-level design consists of many additional runs to estimate models with two-factor interactions (Oehlert and Whitcomb 2002) . In order to reduce the cost of experimentation, several irregular fractions resolution IV and V designs were established using few runs. This is the reason why fractional factorial designs with least irregularities are often considered as the best models in practice (Chen et al. 1993) . The minimumruns resolution IV screening design was used because of its flexibility and cost-effectiveness in estimating the main effects when three-factor and higher-order interactions are insignificant (Jones and Montgomery 2010) .
Recently, the application of EC technology as an effective treatment for various wastewaters has been reported in domestic sewage (Butler et al. 2011; Naje and Abbas 2013) , industrial wastewater (Mollah et al. 2004; Meas et al. 2010) , livestock wastewater (Tak et al. 2015) and textile wastewater (Aouni et al. 2009; Mollah et al. 2010) . However, the efficiency of EC process is largely based on wastewater characteristics, operational and design parameters. Thus, seven factors were identified to have significant influence on the overall EC performance, such as current density, reaction time, initial pH, electrolyte concentration, stirring speed, electrode spacing and electrode configuration (Tir and Moulai-Mostefa 2008; Bouguerra et al. 2015; Tak et al. 2015; Aswathy et al. 2016) . Lately, many research groups have used response surface methodology (RSM) to evaluate and maximize the removal efficiency of the EC process according to the design of experiment procedures. For instance, Tir and Moulai-Mostefa (2008) reported the use of response surface methodology to optimize EC removal of COD and turbidity from oily wastewater. The study revealed that current density, initial pH and time were found to be the most significant factors affecting the process. Similarly, Aswathy et al. (2016) carried out traditional one-factor-at-a-time (OFAT) optimization procedure for soluble COD and turbidity removal from synthetic bilge water. The operational parameters studied comprises of initial pH, applied voltage, spacing between electrodes, effective electrode surface and reaction time. On the other hand, factors which include interelectrode distance, electrode configuration, stirring speed, electrode surface area-to-volume ratio and initial temperature affecting the removal of cadmium and zinc in wastewater were studied by Khaled et al. (2014) and Bouguerra et al. (2015) , respectively. However, there is lack of systematic optimization procedure in the literature, which involves a thorough screening of the many trivial factors using factorial design (preferable resolution IV and above) for evaluating the main effects, followed by complete characterization of the many variables to determine the effect of two-and higher-factor interactions on the process performance and lastly, to optimize the few significant factors using response surface methodology. Therefore, the current study was aimed at assessing the effect of EC process on the TPOME using minimum-runs resolution IV fractional factorial design as a preliminary screening step in identifying appropriate significant factors for maximizing the removal of COD, TSS and turbidity.
Materials and methods

Sample collection and materials used
The TPOME was collected from Seri Ulu Langat Palm oil mill, Selangor, Malaysia, in clean containers and immediately brought to laboratory and stored at 4 °C. The chemical reagents used in the experiment were of analytical grade. The glass wares and containers were initially washed with liquid detergent, then rinsed with distilled water and finally rinsed with appropriate reagents before use.
Sample characterization
The COD, TDS, TSS, conductivity and turbidity of the sample before and after treatments were characterized according to standard methods (APHA, AWWA and WEF 1999). The COD, TSS and turbidity percentage removal were selected as the responses of the EC process. The COD and TSS were determined using closed reflux colorimetric method (using high-range Hach ® reagent vials and DR-890 colorimeter) and gravitational method (where filter residue of a filtered sample was evaporated in an oven at 103-105 °C until constant weight was achieved), respectively (APHA, AWWA and WEF 1999). The pH and oxidation-reduction potential (ORP) were measured using a Fisher pH meter (PH-1000). The conductivity and total dissolved solid (TDS) were determined using CyberScan (CON 11) conductivity meter, whereas the turbidity of the sample was measured using HACH ® (2100 N) turbidimeter according to United States Environmental Protection Agency standard (US EPA 1993).
Experimental setup
The minimum-runs design is a two-level design with high and low levels represented by (+) and (−), and the total number of experiments to be conducted is equal to 2 K + 2 (i.e., minimum runs plus two), where K is the total number of factors. Therefore, this design was used to screen the factors that influence the EC process for TPOME. The variables investigated include current density, reaction time, electrolyte concentration, stirring speed, electrode spacing, initial pH and electrode configuration. The Design-Expert 10.0.1 (Start Ease Inc., Minneapolis, USA) was used to generate a set of 16 experimental runs based on seven variables in which each variable was studied at two levels: low (− 1) and high (+). All experiments were conducted in triplicate, and the average of each parameter (COD, TSS and turbidity reductions) was computed as dependent variables for each run.
All experiments were carried out in a batch EC reactor setup using 250-ml beaker with a total working volume of 0.2 L. The ranges of all the parameters according to the experimental design are as follows; current density (5-35 mA/ cm 2 ), time (5-30 min), pH (4-9), electrolyte concentration (0-10 mg/L), stirring speed (0-400 rpm), electrode spacing (5-20 mm) and electrode configuration (monopolar-dipolar). Initially, a certain amount of sodium chloride was weighed and added to the sample and stirred using a metal rod before the pH of the solution mixture was adjusted using either 0.5 M solution of sodium hydroxide or sulfuric acid for alkaline and acidic pH conditions, respectively. The pH-adjusted solution was transferred into a 250-ml beaker and placed under magnetic stirring condition. Subsequently, four equal dimensions (2 mm × 20 mm × 100 mm) of aluminum electrodes: two anodes and two cathodes, were vertically placed into the solution, and the total submerged surface area of each electrode was 16 cm 2 . The spacing between each electrode was adjusted based on the design requirement. The electrodes were connected to GWIΠSTEK DC power supply (GPS-3303) according to desired electrode configuration and current density, while the circuit voltage was fixed at 15 volts for each run. The magnetic stirrer (IKA ® C-MAG H7) was used for agitation, and the required speed for each test was preadjusted before starting the experiment. Lastly, the output of the DC power supply, magnetic stirrer and stopwatch was pressed simultaneously to begin the EC process. At the end of each experimental run, the treated aqueous solution was allowed to sediment for 1 h and subsequently 20 ml of the treated sample was collected from the center of the beaker for analyses.
Results and discussion
Characterization result
The physical appearance of the collected TPOME was light green which still contains appreciable amounts of COD, TSS, TDS and turbidity as shown in Table 1 . Similarly, some critical water quality parameters such as conductivity, oxidation reduction potential (ORP) and pH were determined as illustrated (Table 1 ). The minimal decrease in COD was observed after a 1-h sedimentation process compared to other constituents such as TSS, TDS and turbidity. However, the amount of these parameters to some extent vary from one treatment plant to another as well as seasonal conditions; this could be seen when comparing the samples collected here and those obtained by Jami et al. (2013) .
Design of experiment and statistical analysis
Minimum-runs resolution IV design is a well-known and commonly used statistical model for screening and selection of process factors, especially when two-factor interactions are expected. The design provides the minimum number of runs for screening a large number of factors in a single experiment, which saves cost and time and yet retains the essential information on each factor (Anderson and Whitcomb 2004) . Thus, a total number of seven EC process parameters were analyzed and their effects on COD, TSS, and turbidity reduction efficiencies were investigated. The empirical relationship between the COD (% removal), TSS (% removal) and turbidity (% removal) and coded independent factors are described by Eqs. 1-3, respectively. The experimental and predicted values (using Eqs. 1-3) are presented in Table 2. where A, B, C, D, E, F and G are current density, time, initial pH, electrolyte concentration, stirring speed, electrode spacing and electrode configuration, respectively. These equations represent the responses regarding coded factors and could be used within the design boundary conditions to predict removal efficiencies of COD, TSS and turbidity. Similarly, the relative impact of each factor can be identified using the coefficients of the coded equations. The equations revealed that the initial pH has more impact on COD removal since it has higher coefficient than any other terms in Eq. 1. The ability of each model was further analyzed using analysis of variance (ANOVA) as shown in 3, 4 and 5. The ANOVA results demonstrate that the model terms could be used to explain the responses (COD, TSS and turbidity) very well. The comparison between experimental and predicted results using Eqs. 1, 2 and 3 for COD, TSS and turbidity reduction were made using the coefficient of determination (R 2 ), adjusted R 2 and predicted R 2 as described in Tables 3, 4 and 5. This indicates that the models were able to explain about 99% of the variability in the responses. Likewise, all the models have high adjusted R 2 that were in reasonable agreement with their respective predicted R 2 , indicating a high significance of all the models. Correspondingly, the ANOVA of the regression models as illustrated in Tables 3, 4 and 5 demonstrates that the models were highly significant, and this was evident from the models high Fisher's (F test) values and very low probability values (P value < 0.05).
At the same time, larger adequate precision values (usually a value > 4 is preferred) for COD removal (35.459), TSS removal (65.927) and turbidity reduction (78.927) indicate an adequate signal-to-noise ratio of the models, which suggests that they can be used to navigate the design space. Generally, the statistical analysis revealed that there is an excellent agreement between the experimental and the theoretical values predicted by the models and nearly all the variations could be accounted for by the model equations.
Main effects and higher-level interactions
The half-normal plot is a standard technique used to identify few factors with significant effects from many trivial parameters (Anderson and Whitcomb 2004) . The most important variables usually stand out on the right side of x-axis, while the unimportant terms are positioned near the absolute zero standardized effect axis as shown in Fig. 2a-c . 
Effects of initial pH
The initial pH has important effects on EC performance since it determines the amount of hydrogen and hydroxyl ions present in the polluted water and primarily controlled the electrochemical reaction through the variation of its ORP. The effect of initial pH was examined between two levels: low (4) and high (9), and the desired value for each run was adjusted by using either 0.5 M solution of sodium hydroxide or 0.5 M solution of sulfuric acid. Thus, the experimental result shows that the low initial pH (4) has better removal capacity for all the responses. The lowest initial pH (4) demonstrates better removal efficiencies for all the three parameters: COD (69. 14%), TSS (98.78%) and turbidity (98.29%); however, the performances drastically declined when the initial pH was at its maximum level (9) as shown in Fig. 3a -c. Also, it was found that the initial pH has a maximum influence on the removal of COD and second in the case of TSS and turbidity reduction (Fig. 2a-c) . Similar results were reported by Tak et al. (2015) , in which optimum COD and color removal were achieved at an initial pH of 4. Thus, the initial pH conditions of the solution have a high influence on the types of metal hydroxides produced during the EC process, because the best pH range for the formation of Al(OH) 3 from the Al 3+ is between 4 and 7. This pH level aids in the removal of dissolved and colloidal materials through coagulation and/or flocculation because the solubility of Al(OH) 3 is minimum at low pH close to 4 (Aouni et al. 2009 ). Generally, the pH of the treated water increases and decreases when the initial pH of the solution is acidic and alkaline, respectively. However, the increase in pH of initial acidic conditions was primarily due to the release of CO 2 from hydrogen bubbles generated from the cathode surface, the formation of Al 3+ precipitates with other anions and the shifting of the equilibrium toward (Chen 2004) . On the other hand, the decrease in pH under initial alkaline conditions is mainly because of the formation of hydroxide precipitates with other cations and the formation of Al(OH) 4 − (Chen et al. 2000) . Furthermore, the two-level interactions between initial pH and current density, initial pH and time and the three-level interactions of initial pH, current density and time all have significant effects on the model's reliability. The influence of initial pH on the EC performance is apparent when the conductivity of the wastewater is low (Chen 2004) . The solution voltage resistivity increases with increasing initial pH of the acidic solution and increases with decreasing initial pH in case of the alkaline solution. Therefore, the drops and rises in the internal potential during the electrochemical reaction due to initial pH conditions may influence the current density distribution and eventually affect the overall removal performance. However, the solution resistance to current density distribution is less at low initial pH, due to a negligible change in voltage with respect to current (Prajapati et al. 2016) . On the other hand, the positive relationship between initial pH and time could be due to an increase or decrease in solution pH during the electrochemical reaction for low and high initial pH, respectively.
Effects of time
The effect of EC time on the removal efficiencies was investigated based on the design range; the corresponding low and high levels of 5 and 30 min were examined. The effect of time revealed a significant influence on the removal of TSS and turbidity than any other factor and second in case the of COD removal (Fig. 2a-c) . Similarly, the experimental results confirmed this effect, because both the highest and the lowest removal percentages were achieved at maximum and minimum time limits, respectively. The extension of electrolysis time has a direct influence on the amount of Al 3+ ions release into the solution for adequate neutralization, flocculation and coagulation of dissolved and colloidal materials (Benaissa et al. 2014) . This is in agreement with the Faraday's law of electrolysis, which stated that the amount of aluminum ions liberated from the anode is directly proportional to the product of electrolysis time and quantity of electricity applied to the cell (Fadali et al. 2016) .
Effects of electrode spacing
The inter-electrode spacing appears to have a high influence on the EC performance over time and initial pH with a negative net impact on all the three parameters tested (Fig. 2a-c) . However, the negative contribution could be due to the reduction in removal performance as the distance expands from 5 to 20 mm. Thus, an increase in the electrode gap raises the resistivity of the cell and thus increases the required voltage (Aswathy et al. 2016) . Moreover, the internal resistance of the cell is directly proportional to the product of current density and distance between electrodes and inversely proportional to the specific conductivity of the cell (Vik et al. 1984) . Therefore, at constant electric current supply, the internal resistance of the cell rises with an increase in the inter-electrode distance, or decrease in anode surface area or decrease in conductivity of the aqueous solution. This is the reason why current density and electrode spacing have substantial two-level interaction effects on the removal efficiencies than many one-factor effects ( Fig. 2a-c) . Hence, the internal resistance of the solution can be reduced by either decreasing the distance between the electrodes, or increasing the surface area of the anode, or increasing the specific conductivity of the solution (Vik et al. 1984) .
Effects of electrolyte concentration
The solution conductivity has a great influence on the transportation of electric charge through the electrolysis cell. The most commonly used electrolyte for increasing the conductivity of the solution before EC is sodium chloride. Apart from decreasing the power consumption, sodium chloride has additional advantages such as reducing the adverse effect of other anions like HCO 3− and SO 2− , that could aid in precipitation of Ca 2+ or Mg 2+ ions that usually form an insulating layer on the surface of the electrodes resulting in major declines in current efficiency (Chen 2004) . Similarly, the chlorine gas production during the electrolysis has been known to be an effective disinfectant. The addition of electrolyte was found to be the third most significant factor on COD, TSS and turbidity reduction. Also, the addition of electrolyte concentration shows a strong interaction with current density, because the cell overvoltage reduces with increased specific conductivity.
Effects of current density
Basically, a current density is the amount of electrical current per surface area of the electrode and ultimately determines the amount of metal ions released into the solution. The current density has direct proportionality to both Al 3+ dosage and the rate of production of hydrogen bubbles, and this controls both the solution mixing and mass transfer between the surface of the electrodes and bulk solution (Aswathy et al. 2016) . The result demonstrates that the current density on its own has little effects on the removal performance of all the three parameters. However, the two-level interactions between current density and other factors like pH, electrode spacing and electrolyte concentrations have significant influence on the performance of the EC process. Moreover, the initial pH, electrode spacing and electrolyte concentration have a direct influence on the cell-specific conductivity, and this could affect the current density Fig. 3 The cube plots independent interaction variables' effect on a COD removal, b TSS removal and c turbidity removal variability during the electrocoagulation process. Similarly, the three-level interactions between current density, electrolysis time and initial pH revealed that the current density has significant effects on the EC performance in removing the organic compounds and colloidal matter.
Models verification
The models developed using the minimum-runs resolution IV design were optimized using numerical optimization tool of Design-Expert (version 10). The goal was to maximize the removal percentages of COD, TSS and turbidity, while the objective functions of the model variables were set within the design range. The optimization process was randomized using 100 initial points, and a maximum hundred number of solutions were generated. Thus, four solutions with 100% desirability were selected and tested experimentally (Table 6 ). Apart from experiment number three, all the remaining runs have a high correlation between the predicted and experimental removal efficiencies. However, run number two was selected as the best solution for this screening process, because it produces reasonable results under minimum operating conditions, particularly low current density and no addition of electrolyte solution. Furthermore, the results demonstrate that the electrocoagulation process could be used to remove both organic and colloidal matter under low current density as far as other operating conditions of the electrolysis cell were optimized.
Conclusion
The results obtained in this study show that electrolysis time, initial pH and electrolyte concentration are the major factors affecting the reduction of both organic compounds and colloidal particles. The current density demonstrated little influence on the electrocoagulation process removal performance. However, it shows high effect on two-level interactions with initial pH, electrode spacing and electrode concentration as well as on three-level interactions with time and initial pH. The removal percentages predicted under optimum conditions were 68.84, 93.27 and 92.88% with their corresponding experimental values of 69.27, 97.59 and 96.91% for COD, TSS and turbidity, respectively. The removal of COD, TSS and turbidity were found to be effective at low current density and time as far as other factors like initial pH, electrolyte concentration and electrode spacing were maintained at their optimum levels. Furthermore, stirring speed shows no effects on the removal efficiency of the electrocoagulation due to its contribution toward Al(OH) 3 solubility at acidic pH. Similarly, the hydrogen bubbles from cathodic reduction of water molecules were enough for mixing and transportation of ionic species within the cell boundary. The study could provide further optimization of the EC process treatment of TPOME using only the most significant factors such as time, initial pH, current density and electrolyte concentration.
